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Chapter 1
INTRODUCTION

Hydraulic conductivity, or the linear velocity at which water can move through a
matrix, is an important property of soils and aquifer systems that influences infiltration, subsurface water flow, redoxomorphic features, and more. Field methods for
determining hydraulic conductivity usually rely on monitoring subsurface water flow
in response to disturbances, and laboratory methods usually rely on flowing water
through an enclosed body of soil or rock and measuring either the volume of effluent
over time at a constant pressure or the drop in influent pressure over time. Permeameters are a sealable vessel with ports for water inflow and outflow and are often
used as an enclosure for laboratory samples undergoing hydraulic conductivity testing. Different types of permeameters are designed both for different types of hydraulic
conductivity tests and for materials with different magnitudes of permeability.
Historically, the Cal Poly soil science laboratories in the Natural Resources and Environmental Science (NRES) department have been limited in the types of materials
that can be tested due to the types of permeameters on hand. Before the summer of
2021, the department only had access to rigid walled permeameters which are designed
to test loose or unconsolidated material packed to the volume of the permeameter’s
interior and subjected to hydraulic gradients generated purely by elevation head.
The reliance on elevation head combined with the large size of these permeameters
makes testing both low hydraulic conductivity samples and low volume samples (like
those from the NRES department’s powered push-probe) impossible. These limitations drove the purchase of a lower volume, flexible walled permeameter (Figure 1.1)
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Figure 1.1: The core flexible walled permeameter equipment showing the
deairing tank (A), vacuum pump (B), control panel (C), permeameter cell
(D), and tap water reservoir (E). See the guide attached as Appendix A
for a full materials list.
that can analyze smaller and lower hydraulic conductivity samples at much higher
hydraulic gradients and confining pressures assisted by air pressure.
With any new piece of equipment, purchase and installation are only the first few steps
towards implementation and running samples. This project represents the rest of the
steps towards expanding the NRES department’s hydraulic conductivity measuring
capability. The broad objectives for this project were three-fold: (1) to develop the
institutional knowledge to run the flexible walled permeameter equipment safely and
effectively with guidance from the manufacturer’s manual (Humboldt Manufacturing
Company, 2009), (2) to create procedures for testing a variety of sample types in

2

accordance with ASTM International’s standard test method D5084 for measuring
hydraulic conductivity with a flexible walled permeameter (ASTM D5084, 2016), and
(3) to create a comprehensive guide that integrates the institutional knowledge with
the procedures to aid future users of the equipment. This report documents the
hydraulic conductivity tests on the flexible and rigid walled permeameters that were
completed to understand the instrumentation and accomplish the above objectives as
well as some of the hurdles that were encountered during the process.
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Chapter 2
TEST METHODS

Broadly speaking, there are two main types of hydraulic conductivity tests performed
with permeameters: constant head tests and falling head tests. Both test types have
been conducted in rigid walled permeameters using adapted protocols from ASTM
D2434 (2019) in the past, so matching protocols were created for flexible walled
permeameters. However, equipment differences between the permeameters caused
some fundamental changes to both test types and the addition of a new test type:
the falling head, rising tail test. A number of these three tests were completed on
different sample types (Table 2.1) in the flexible walled permeameters with some
testing on rigid walled permeameters, where applicable, to verify the results.

2.1

Constant head tests

Constant head tests apply a constant hydraulic head over time while collecting a
known volume of effluent to calculate the rate of flow and thus the hydraulic conductivity. In the existing protocol for rigid walled permeameters, the constant head
is supplied with a Mariotte bottle positioned at an unknown elevation above the
permeameter and a constant head outflow reservoir. Tests are conducted at various elevations and the pressure differential at two points along the sample column is
plotted against the volume flow rate to calculate hydraulic conductivity. The equipment for the flexible walled permeameter does not support a true constant head nor
the ability to measure the pressure differential within the sample column, therefore,
ASTM D5084 (2016) requires that the head be known and that the drop in elevation

4

head over the test time must be less than 5% of the initial total head. These conditions simulate constant head within a certain level of confidence, and the known head
allows hydraulic conductivity to be calculated with Appendix A Equation 5 derived
from Darcy’s Law.

2.2

Falling head tests

Falling head tests observe the drop in hydraulic head in the inflow reservoir over
a known amount of time to calculate the rate of decay of head which is related
to hydraulic conductivity. For rigid walled permeameters, a falling head tube with
gradations of known height is positioned with the lowest gradation just below the level
of water in the constant head outflow reservoir. Water is added to a predetermined
level in the tube before opening the valves and being allowed to flow until the level
drops to half of the initial height. In the flexible walled permeameter setup where
the presence of a pressure head makes stopping the test at the halfway point more
challenging, the drop in head is measured with a tape measure along the glass burette
reservoir and compared to the outflow port on the cell which vents to the atmosphere.
The change in head over time requires that the principles of conservation of mass be
used in conjunction with Darcy’s Law to derive the equation needed to calculate
hydraulic conductivity for this test, Appendix A Equation 3.

2.3

Falling head, rising tail tests

The change from a constant head outflow reservoir in the rigid walled permeameter
setup to the option of either a vented drip outflow or a burette reservoir outflow
creates an additional test type for the flexible walled permeameter. In the falling
head, rising tail test, outflow water is routed into a burette assembly identical to
5

the falling head burette. This eliminates the need for the manual measurement of
effluent water volume and reduces the amount of glassware needed to run hydraulic
conductivity tests. However, the rising tail assembly increases the pressure at the
outflow and mandates the recording of the tail pressure at the test’s beginning and
end. Calculating hydraulic conductivity from falling head, rising tail tests demands
the inclusion of mass conservation similar to falling head tests, but also incorporates
the change in tail pressure (Appendix A Equation 4).

2.4

Samples tested

The types of soil samples that can be tested by the flexible walled permeameter can be
split into four categories, (1) loose material that forms a coherent column when moist
and compacted, (2) loose material that cannot form a coherent column when moist
like sands, (3) undisturbed material from push-probe cores that can be deformed to
the diameter of the latex membranes, and (4) consolidated push-probe cores that
are too brittle or compact to be deformed. While methods for testing each type of
sample were developed over the course of this project, only samples from the first
three categories will be reported here due to the consolidated material acting as a
plug. The sample preparation methodology is included in Chapter 3 of Appendix A.

2.5

Equipment set up and sample saturation

The equipment was affixed to a semi-permanent plywood slab over top of a wallmounted cabinet unit to avoid potential disturbance to testing by shaking. Water
supply lines and drain lines were connected according to ASTM D5084 (2016)’s design
for permeability cell’s without a mercury tube for constant flow. Pressure transducers
for monitoring pore pressure were placed in-line along the top water supply (Rees,
6

Table 2.1: A matrix of the samples and tests that each underwent. Sample superscripts reflect the type of sample as seen in Section 2.4. The
constant head, falling head, and falling head, rising tail columns represent
tests completed on the flexible walled permeameter, while the rigid walled
test column represents both constant and falling head tests performed
according to existing NRES procedures.
Sample Name Constant head Falling head Falling head,
Rigid
rising tail
walled tests
Sand1
X
X
X
2
19-103
X
X
2
19-107
X
X
X
3
LO-P2 Sandy
X
X
2013) to estimate the saturation of fine textured samples using Skempton’s β-value
(Skempton, 1954) following equation 2.1. Skempton’s β-values were calculated at
5psi intervals while increasing back-pressure until β-values reached 0.95 or higher.
For coarse textured samples, total saturation was assumed after flowing water upwards through the sample at low pressure to avoid exceeding the maximum tolerable
hydraulic gradients (ASTM D5084, 2016).

β=

2.6

∆Pore Pressure
∆Cell Pressure

(2.1)

Maximum tolerable hydraulic gradient

Before any given test on a sample, an air pressure inside the control panel is added
to the inflow reservoir. This air pressure when combined with the physical height of
the water in the reservoir above the permeameter’s venting port makes up the total
head in the system. When divided by the sample’s length, the output is the hydraulic
gradient, or the head loss per unit length. ASTM D5084 (2016) provides guidance for
selecting a hydraulic gradient for a test and warns against excessively high hydraulic
gradients in fear of dislodging fine particles within the sample column and plugging
7

avenues for flow. For the ASTM recommended gradients, see Appendix A Section
5.2.
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Chapter 3
RESULTS AND DISCUSSION

Hydraulic conductivity results in meters per second for the four samples and three
test types in the flexible walled permeameter are reported in Table 3.1. In all cases
except for the 19-103 samples, hydraulic conductivity values remained relatively consistent between test types and within one order of magnitude. The testing on 19-103,
however, was unique in that it was separated over multiple days with two different
sample columns. The first sample column underwent the falling head, rising tail tests
on one day, and the next day, mold was discovered growing inside the deaired water
reservoir and inside the permeameter’s outer chamber. The system was deconstructed
to clean the internals of the equipment, and the sample was destroyed in the teardown process. The material was kept and analyzed for bulk density using a drying
oven and discovered to be 1.72 g/cm3 . The next sample core was constructed in the
mold (see Appendix A Section 3.4) to have a similar bulk density before being tested
on the instrument in a falling head test and analyzed for bulk density. After the test,
the bulk density was found to be 1.67 g/cm3 . It is likely that the difference in hydraulic conductivity between the two samples is caused by the interaction of multiple
factors like the bulk density change, differences in how the subsample responded to
the compaction in the mold, and saturation within the instrument.
For all sample types except for the pure sand, the hydraulic conductivity of the sample
decreased from trial to trial as the sample was subjected to a continued flow of water
(Figure 3.1). As discussed in Section 2.6, there exists for all samples some maximum
tolerable hydraulic gradient where water will flow through the sample and dislodge
no particles. This allowable gradient is both a function of the pore size distribution,
9

Table 3.1: Summary of average hydraulic conductivity results in the flexible walled permeameter reported in meters per second. Sample superscripts reflect the type of sample as seen in Section 2.4.
Sample Name Constant head Falling head Falling head,
rising tail
1
−5
−5
Sand
2.61 × 10
3.58 × 10
2
19-103
1.76 × 10−8
2.48 × 10−9
19-1072
2.02 × 10−7
4.3 × 10−7
5.47 × 10−7
7.27 × 10−8
7.77 × 10−8
LO-P2 Sandy3
cohesiveness of the sample, and mineralogy (Biswas, 2005). Our results indicate that
our hydraulic gradients exceeded the maximum tolerable gradient in all tests except
those performed on sand.
The sand standard tests were replicated on the rigid walled permeameter to compare
the values and assess the validity of the procedure. The average hydraulic conductivity
results from the constant head and falling head tests are presented in Table 3.2. Values
derived from the flexible walled permeameter were an order of magnitude lower than
those derived from the rigid walled permeameter. Despite the material and attempted
compaction being the same in both tests, the latex membrane combined with the
confining pressure within the flexible walled permeameter’s main cell constrict flow
at the edges of the sample column. Meanwhile, the rigid walled permeameter’s acrylic
sample chamber allows water to escape from the interior of the sample and into the
uneven crevices between the sand and the walls. Because of this difference, it is
expected that the flexible walled permeameter’s results will be lower than the rigid
walled device. Whether this reasoning explains the entirety of the order of magnitude
difference, however, remains to be seen. It is also possible that the hydraulic gradient
induced in the saturation process in the flexible walled permeameter exceeded the
maximum tolerable gradient and dislodged small sand grains causing slight clogging
before testing began.
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Figure 3.1: Hydraulic conductivity values of four sample types over multiple trials, expressed as a percent of the first trial’s value. A decay in
calculated values over time indicates hydraulic gradients exceeding the
sample’s maximum tolerable value.

Table 3.2: Average hydraulic conductivity results of the sand standard as
tested by the flexible walled permeameter and the rigid walled permeameter. Hydraulic condicitity values are reported in meters per second.
Constant head Falling head
Apparatus
Flexible walled
2.61 × 10−5
3.58 × 10−5
Rigid walled
2.94 × 10−4
1.72 × 10−4
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Chapter 4
CONCLUSION AND FUTURE IMPROVEMENTS

When testing an individual sample, the flexible walled permeameter, related equipment, and the methodology in Appendix A proved to lend itself to repeatable measurements of hydraulic conductivity despite some challenges. Among those challenges
are three main concerns that should be addressed in the future. First, is there a way to
quantify the impact of confining pressure on hydraulic conductivity when compared
to a rigid walled permeameter? Second, can the differences in observed hydraulic
conductivity values between repeated subsamples be mitigated or accounted for procedurally, or do they have to be accounted for statistically? Finally, is the hydraulic
conductivity decay over time related to the maximum tolerable hydraulic gradient,
and if so, is there a better method for estimating that maximum gradient before
testing?
Once these questions are answered or considered, the next step is to expand the NRES
department’s testing capability even further. The methodology behind the flexible
walled permeameter and pressurized control panel can also be applied to samples
under mechanical stress in a load frame to analyze mechanical properties of the soil
body in addition to hose hydraulic conductivity responds to mechanical changes. This
project is just the first step in our department’s journey towards that goal.
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APPENDICES

Appendix A
PERMEABILITY CELL GUIDE

The following pages are the guide that details the protocol synthesized from the
ASTM D5084-16a method, the Humboldt control panel manual, and the time spent
learning the intricacies of the instrument.
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Flexible Walled Permeability Cell Guide
The flexible walled permeability cell setup by Humboldt enables the
hydraulic conductivity testing of undisturbed soil cores retrieved by a
probing device. The control panel (Product number: HM-4150.3f) is the
brain of the setup, and many of the steps in this guide involving it were
adapted from the product’s manual hosted on Humboldt’s website (can
be accessed using the QR code to the right). This document outlines
specific aspects of setting up the flexible walled permeability cells and
operating the control panels for falling-head and constant head hydraulic
conductivity tests, but this document does not replace the in-person
training needed to operate the equipment.

Figure 1: The large items of the flexible walled permeability cell setup in 180-248 as of May,
2021.
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Materials

The following is a list and description of the equipment needed for these tests. If the item is
labeled in Figure 1 or Figure 2, the label follows the item’s name.
Large items:
• Deairing tank (A): This reservoir is connected to the pressure and vacuum supply via
the top tube and the water supply via the base tubes.
• Vacuum pump (B): The tabletop vacuum pump supplies a vacuum to the control panel.
• Control panel (C): The control panel’s valves and burettes alter and monitor the flow
and pressure of air and water to other pieces of equipment. An excerpted figure from
the control panel’s manual with labels of the panel is included here as Figure 3.
– The control panel is rated to withstand pressures up to 150psi.
– The burette in section 1 holds 50ml and has gradations of 0.1ml.
– The burettes in sections 2 and 3 hold 10ml each with gradations of 0.02ml. The
cross sectional area of each burette is 0.263cm2 .
• Flexible walled permeability cell (D): This cell allows soil cores to be sealed in flexible,
water-tight membranes and subjected to hydraulic gradients to test permeability.
• Tap water reservoirs (E): These 8 liter reservoirs supply water to the control panel.
• Air compressor and tank: Seated underneath the bench in Figure 1, the air compressor
supplies pressurized air up to 116psi to the control panel.
Small items:
•
•
•
•
•
•
•
•
•
•
•

• Plastic cup (about 500ml for mixing)
• Mitre saw and miter box (N)
• Short length of a 1.25 inch diameter
wooden dowel for compaction
• Canned air (optional)
• 41 and 18 inch tubing and quick connects
• 2x Inline pressure transducers wired to
a data logger with digital readout
• Handheld vacuum pump with reservoir
flask (optional)
• Ruler or tape measure (O)
• Stopwatch or smart phone (Note:
Phones used at your own risk)
• Personal protective equipment: safety
glasses, ear plugs, face mask (for dust)

Flexible latex membrane (F)
Membrane stretcher (G)
4x 1.5 inch o-rings (H)
O-ring stretcher (I)
Adjustable or assorted wrenches (J)
2x 1.5 inch filter paper (K)
2x 1.5 inch porous stones (L)
2x 1000ml beakers
Small graduated cylinder, 10ml
High vacuum grease (M)
Soil sample either a push-probe core or
loose material
• Two-part split compaction mold
• Saran wrap
• 25g Bentonite for clay paste preparation if needed
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Figure 2: The small items of the flexible walled permeability cell setup as of May, 2021.

4

Cal Poly Soils Lab

September 2021

Figure 3: An excerpted figure from the HM-4150.3f product manual labeling the right side
of the control panel for reference throughout this document. The labels for the four valves in
the two boxes below the pressure and vacuum controls on the left side of the control panel,
in descending order, are: D1, D2, O1, and O2.
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Important Pre-operation Steps

This section details a few steps that need to be performed in order to prepare for hydraulic
conductivity determination. The water deairing and porous stone soaking steps (respectively,
Sections 2.1 and 2.5) must be done sequentially and have significant downtime. During
the hour that the water is deairing, consider reading through the material in Section 3 and
performing the beginning steps of sample preparation. During the 30 minutes that the porous
stones need to soak in deaired water, the remaining pre-operation steps in this section can
be performed.

2.1

Deairing water

To fill the de-airing tank:
1. On the tap water reservoir that is connected to the control panel, turn the blue valve
to on.
2. Ensure that the two 41 inch lines are connected at the rear of the deairing tank and
that the tank is sealed with the four nuts on the lid fastened.
3. On the left side of the control panel, locate the deaired water tank control box.
4. Turn the D2 valve to fill and wait for the tank to be 34 s full as marked on the tank.
5. Turn both the D2 valve and the blue valve on the tap water reservoir to off.
6. Locate and turn on the toggle switch on the rear of the deairing tank’s base to agitate
the water and accelerate deairing.
7. Locate and plug in the black power cord for the vacuum pump and turn the D1 valve
to vacuum.
8. Run the vacuum for one hour or until bubbles stop forming in the water.
9. Once deaired, turn both the D1 valve and the tank’s toggle switch back to off and
unplug the vacuum pump.
10. Turn D1 to pressure to put a low pressure (5 psi) on the deaired water and enable water
to flow into the control panel when needed. This valve is connected to a regulator that
sets the pressure inside of the deairing tank to a pressure independent of any pressure
regulators on the front of the control panel.

2.2

Connecting the permeability cell

The permeability cell’s front valves (Figure 4, E) must be connected to the corresponding
control panel’s quick connects. Quick connect C1 is connected to the middle Cell valve via
a 41 inch tube. Quick connects C2 and C3 are connected to the left Base and Top valves
respectively via 81 inch tubes. The base tube should have an inline pressure transducer to
assist with later back pressure saturation steps. If the cell lines is not yet connected on
the cell end, use a wrench to loosen the compression fitting on the cell. Then, put the line
through the threaded piece and push the compression fittings onto the line before threading
the fitting back on the cell. If the Base and Top lines are not connected on the cell end,
simply push the line into the orange press fitting until firmly attached.
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Figure 4: A top down view of the permeability cell’s base and valves with labels for commonly
referred to parts. A: Groove and o-ring to seat the acrylic cell wall. B: Inflow port for water
to fill the cell. C: Base pedestal. D: Metal top cap. E: Row of valves on the cell - tubing is
connected to ports underneath these valves.

2.3

Filling the burette assemblies

The burette assemblies are the reservoirs for water and pressurized air that interact with the
permeability cell. Each assembly consists of a burette water column and an external water
column between the outer glass and the burette. Both columns can interact with the cell
determined by which of the E or V valves in that assembly are open. Generally speaking,
the initial water levels of each column should be 34 s full.
1. To prepare the deairing tank for water output, switch valve D1 to pressure if not
already set.
2. Repeat the below steps for each of the three burette assemblies starting with section
1.
(a) Turn the A valve to vent and the E valve to external.
7
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(b) Slowly turn the F valve to fill to fill the external section with water until 34 s full
or about the level of the label above the T toggle switches.
(c) Turn the F valve and the E valve to off.
(d) Turn the V valve to burette then slowly turn the F valve to fill again until the
water level inside the burette is at about the same level.
(e) Turn the F valve and the V valve to off.

2.4

Flushing water lines

With a sufficient amount of deaired water produced, the cell connected, and the burette
assemblies filled, we use deaired water to flush the air out of the cell’s base and top lines.
Repeat the steps below for each line. The base line’s output is the left hole on cell’s base
pedestal (Figure 4, C), and the top line’s output is the end of the left clear tube that
protrudes vertically from the cell and into the top cap (Figure 4, D). At no point should the
external section of the burette assembly be allowed to drain as this will introduce air into
the lines once again. If the water level drops to about the levels of the quick connects, close
the valves currently being worked on and refill the external section following the steps in
Section 2.3.
1. Have paper towels or a microfiber rag handy to soak up excess water.
2. Turn the E valve to external and open the corresponding valve on the cell’s front plate.
3. Water will now be flowing through the tubes.
4. Monitor the output of the tube and the clear parts of the line until there are no bubbles
exiting the output or stuck in the line.
5. Turn the E valve to off to stop flow through the line.

2.5

Soaking the porous stones

The porous stones should be soaked in deaired water in a clean beaker for at least 30 minutes
prior to assembling the sample column. Deaired water can be output by the quick connect
associated with the O1 valve by connecting a quick connect and turning the valve to deaired
water. Minimize travel and splashing of the deaired water into the beaker to avoid aerating
the water.

3

Preparing the Sample

There are many ways to prepare a sample column to run on the permeability cell setup. The
following sections provide several methods that are best used in different scenarios. Use the
decision tree below to help determine which method is best suited for your sample. If you
answer yes, proceed to the next indented set of questions. If you answer no, skip to the next
question at the same level.
1. Does the sample come from a push-probe core?
(a) Is the sample dry and consolidated within the core where it would not be able to
deform without snapping or breaking?
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i. Consider using sections 3.1 and 3.2 to cut the sample from the sleeve and then
cast the sample in an impermeable material to bring it up to the required
diameter of 1.5 inches.
(b) If the sample in the core is either saturated or made of loose material, consider
using section 3.3 to deform the core in a mold to reach the required diameter of
1.5 inches.
2. Does the sample come from loose material?
(a) If wetted, would the sample form a coherent column of material that would be
able to stand freely on its own?
i. Consider using section 3.4 to wet the sample and compact it using a mold.
(b) If the sample would not be a coherent column, consider using section 3.7 to form
the sample column directly on the permeability cell’s base to avoid the need to
transfer the sample from a mold to the base.
Please note that all methods except for the split membrane stretcher method (Section 3.7)
will require the membrane to be stretched and the column to be assembled on the permeability cell (Sections 3.5 and 3.6) before moving to preparing the cell (Section 4).

3.1

Cutting the sample to size

Follow the steps below to cut dry, consolidated core samples from the push-probe to the
length of the split compaction mold (about 3 inches). This process may feel like it is more
art than science, and the steps below may only get the ends of the core to a point where
they need to be finished manually with a file. Voids in the ends of the sample may need to
be filled with a low permeability paste like a clay putty.
1. Relocate your materials to an outdoor table with a flat edge like the ones in the loading
dock outside of building 180.
2. Locate a section of the soil core you wish to test that has a relatively low amount of
cracks on the surface. The process of cutting the core with the saw agitates natural
fractures within the core and makes it most likely to break along these cracks. By
selecting a relatively contiguous section, the risk of such breaks is minimized.
3. Place the core into the miter box and align your desired cut along the 90 degree line.
4. Starting with a pull cut to score the plastic or soil at the desired location and create
a groove, use light strokes of the saw to cut through the sample and plastic sleeve.
• Note: The miter box will not yield a straight cut unless you hold the saw along one
of the two vertical sides of the miter slot. This will take some sideways pressure
from the hand holding the sample.
5. Continue sawing until through the core. Do not worry about cleaning the first cut end
until both ends have been cut.
6. Slide the core along to the next desired cut location and repeat the sawing steps above.
This step may not be necessary if the core fractured in a spot to give an appropriate
length. If so, just move ahead to clean both ends.
7. To clean one end of the core, place the core in a section of plastic sleeve that has at
least one very flat end and apply sideways pressure while cutting to push the saw into
the side of the miter box.
8. Flip the core in the sleeve and repeat to clean the other end.
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Casting the sample in clay

If using a dry or consolidated core from the push-probe, the sample diameter will be too
small for the permeability cell and accessories (at time of writing). To remedy this, the
sample is cast in a low-permeability clay paste to increase the diameter without introducing
an avenue for permeant water to bypass the sample. Again, this process is as much an art
as it is a science. The exact proportions of clay to water in the paste will vary, so expect a
few failures before finding the solution that works consistently.
1. Cut two rectangles of saran wrap with approximate dimensions of 5 by 6 inches.
2. Tightly line both halves of the split mold with saran wrap, minimizing trapped air.
The smaller dimension should be vertical.
3. Press the two halves of the mold together, smooth out any creases on the interior of
the mold, and band together with the adjustable clamp.
4. Place the split mold flat side down on the compaction plate, align the top metal disc
on the standing bolts, and tighten the wing nuts to form a seal with the bottom of the
split mold and the compaction plate.
5. Mix 1 part bentonite with 2.5 parts water until smooth; 25g of bentonite will produce
plenty of excess paste which can be stored in a sealed container.
6. With a small spatula, take scoops of paste and press it into the bottom edges of the
mold. Then coat the lower half of the inside of the mold with paste. At least one and
a half tablespoons of paste should be in the mold.
7. Identify which side of the soil core is the most flat - this will be the bottom of the
core. With the spatula, take a half tablespoon of paste and coat the bottom of the
core, making sure to fill any voids. Leave the excess on the bottom of the core.
8. Press the core into the mold, bottom side down. This will extrude the paste around
the sides of the core and out the top of the mold. Use a spatula to remove the extruded
paste when needed. If the core is exactly three inches, then the top of the core should
be flush with or just above the seam between the top metal disc and the split mold.
Let the paste set for a few minutes.
9. Remove the top metal disc and slide the mold off of the base plate wile maintaining
slight downward pressure.
10. If no soil is exposed on the bottom of the mold, give a small push on the exposed top
of the soil core to push the bottom out of the mold by no more than a millimeter. Use
a spatula to clean the bottom of the soil core and expose the entire surface.
11. With the mold and sample in hand, fold excess saran wrap over the sample gently,
loosen and remove the adjustable clamp, and carefully remove one half of the mold.
This is best achieved by gradually applying force to create a small gap in the mold
before using the edge of a spatula to pry the gap open and remove one half of the mold.
12. Remove the core from the other half of the mold by lifting both pieces of saran wrap.
Then peel the two saran wrap pieces off of the mold and replace them with one larger
saran wrap piece (5 by 10 inches) for short-term storage.

10

Cal Poly Soils Lab

3.3

September 2021

Compacting saturated or unconsolidated cores

If the desired sample is a saturated or unconsolidated core that has a diameter smaller than
1.5 inches, it is likely that it can be compacted and deformed to meet the 1.5 inch diameter
requirement.
1. Cut two rectangles of saran wrap with approximate dimensions of 5 by 6 inches.
2. Tightly line both halves of the split mold with saran wrap, minimizing trapped air.
The smaller dimension should be vertical.
3. Press the two halves of the mold together, smooth out any creases on the interior of
the mold, and band together with the adjustable clamp.
4. Place the split mold flat side down on the compaction plate, align the top metal disc
on the standing bolts, and tighten the wing nuts to form a seal with the bottom of the
split mold and the compaction plate.
5. If the core is still in the plastic sleeve from the push-probe and the sleeve is still intact,
use a core liner cutter to open one side of the core. Locate the portion of the core that
will be used in the test. For a 1.25 inch diameter core like the cores that come off of
the DT22 cutting rig, about 5 inches of core length is used for compression. If the core
is solid and fills the sleeve entirely, then about 4.2 inches of the core would be needed
to fill the compaction mold at identical bulk densities.
6. With a small spatula, cut straight through the core on both sides of the intended
section (henceforth, the sample). Then, use the spatula to scoop out a small section
of the core on either side of the sample.
7. Extract the sample from the sleeve by prying open the sleeve on one side of the sample
and pulling the sample out. It is best practice to avoid leaving chunks of the sample
behind, so pick up any remainder sample and stick it to the sample column in about
the correct location.
8. Tear the sample in two about halfway down its length and drop the bottom piece into
the saran lined compaction mold.
9. Use the short section of a wooden dowel to compact the soil to about halfway up the
mold. The goal here is to fill the mold, not compact the soil more than needed.
10. Take the spatula and score the top of the soil.
11. Put the rest of the sample into the mold and repeat the compaction with the dowel.
12. If bulk density of the sample is desired, place and weigh some of the leftover soil or
soil from directly around where the sample was removed from the sleeve into a preweighed tin for drying overnight. The mass wetness from this subsample can be used
to calculate the dry mass of the sample column that will have known dimensions due
to the mold.
13. Remove the wing nuts and gently lift the top metal disc.
14. Slide the split mold off of the base plate.
15. Cut any excess soil off of the mold with a spatula and smooth over the exposed sides.
Remove the adjustable clamp.
16. Gently pry apart the split mold and peel off the saran wrap from the sample.
17. For bulk density calculation, weigh the wet mass of the sample column.
18. Measure and record the sample’s diameter and height for bulk density and hydraulic
conductivity calculations.
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Compacting unconsolidated material

If the intended soil sample is unconsolidated or loose, follow these steps to compact the
material into a coherent cylinder for testing. If the soil sample was extracted with a pushprobe and is consolidated, skip this subsection. Please note, this flexible walled permeability
setup is not ideal for soils expected to have either a high permeability or an inability to
maintain a coherent shape like single grain sands.. If either of these conditions is met,
consider using a rigid walled permeameter.
1. In a mixing cup, weigh 200g of the sample material.
2. Alternate between adding water and thoroughly mixing with a spatula until clumps of
soil begins to barely cling to the spatula. (In developing this guide, we measured this
point to be anywhere from 10 to 15 percent water by mass.)
3. Assemble the compaction mold and tighten the wing nuts and adjustable clamp. If the
wetted sample is sticky, follow steps 1 through 4 from Section 3.3 instead to line the
mold with saran wrap.
4. Pour the homogenized soil into the mold and fill to the top.
5. Use the short section of a wooden dowel to compact the soil. For this entire process,
try to apply an even amount of pressure.
6. Take the spatula and score the top of the soil.
7. Repeat the last three steps to add, compact, and score soil until the compacted core
is above the seam between the split mold and the top metal disc.
8. If bulk density of the sample is desired, weigh some of the leftover soil into a weighed
moisture tin for overnight drying.
9. Remove the wing nuts and gently lift the top metal disc. If the soil appears to be
sticking to the inside of the disc, apply a small amount of downwards pressure on the
soil with the dowel while lifting the disc.
10. Slide the split mold off of the base plate.
11. Cut any excess soil off of the mold with a spatula and smooth over the exposed sides.
Remove the adjustable clamp.
12. Gently pry apart the split mold. If the soil appears to be stuck to the walls of the
mold, use the dowel to apply a small amount of force to one side of the core just until
the core starts to move. Continue prying the mold apart. If the core breaks or splits,
place the soil back into the mixing cup and start again. After the cutting step but
before removing the adjustable clamp, allow a few minutes for the core to set.
13. If bulk density of the sample is desired, weigh the core on a balance.
14. Measure and record the sample’s diameter and height.

3.5

Stretching the flexible membrane

The stretched membrane will be used when assembling the sample column.
1. Retrieve and inspect one latex membrane for holes.
2. Place the membrane longways inside the stretcher such that there is equal excess on
each side.
3. Stretch the bottom end of the membrane over the stretcher making sure that the
membrane is even when flat against the outside of the stretcher.
12

Cal Poly Soils Lab

September 2021

4. Place the stretcher upright and then stretch the top end of the membrane over the
stretcher such that there are no visible twists in the inside column of membrane
5. Place the quick connect with a short length of large tubing into the port associated
with the O2 valve.
6. Turn the vacuum pump on.
7. Connect the line of the membrane stretcher to the large line on the quick connect.
• Note: The plastic clamp on the membrane stretcher line should be open.
8. Turn O2 to vacuum, close the plastic clamp on the line, and turn O2 back to off.
9. Now, the membrane should be vacuumed to the inside of the metal cylinder and the
stretcher line can be undone from the control panel.

3.6

Assembling the sample column

Once the porous stones have been soaked for thirty minutes, the cell’s
lined have been flushed of air, and the sample has been cut or formed to
an appropriate and known length, the assembly of the sample column
can begin. In the steps below, the sample is stood up vertically on
the base within the cell, encased in our flexible walled membrane, and
connected to the control panel via water lines. A video timestamped
to the appropriate location showing many of the steps below can be
accessed using the QR code on the right. Ignore the steps regarding
placing filter paper strips around the circumference of the sample, skipping to timecode
14:40 once he starts applying filter paper strips will move to the next step.
1. Start with all valves closed on the cell, A valves set to vent, and E and V valves on
the control panel set to off.
2. Apply a small amount (1/2 a pea) of vacuum grease to sides of the metal base, top
cap, and the 4 small o-rings with gloves.
3. Open valve E2 and the cell’s base valve until there is a bubble of water on the entirety
of the raised base. Close both valves.
4. Slide a soaked stone onto the base keeping contact with the bubble of water.
5. Dip one piece of filter paper into the water that soaked the stones and slide it onto the
porous stone to cover the surface. Press out any air bubbles.
6. Remove any saran wrap from the sample if present and place the sample onto the filter
paper.
7. Dip another piece of filter paper and place it onto the sample core.
8. Place the last porous stone onto the filter paper (Figure 5, A).
9. Place the stretched membrane over the sample column so that the middle of the
stretcher is near the middle of the column. Then release the vacuum inside the membrane with the plastic clip in the stretcher line. For guidance on placing the membrane,
see Figure 5, B.
10. Grab the edge of the bottom of the membrane off of the stretcher and pull it onto the
cell base, attempting to prevent the membrane from rolling onto itself.
11. Grab the top of the membrane off of the stretcher and free it above the stretcher.
Remove the stretcher from around the sample column (Figure 5, C).
12. Stretch two o-rings over the o-ring stretcher and roll them both off over the membrane
13
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on the metal base to seal the bottom of the column.
Stretch two more o-rings on the stretcher and slide the stretcher over the column. Let
the stretcher rest on the bottom for now.
Roll the top of the membrane down so that the top edge of the porous stone is just
visible. Place the metal top cap onto the porous stone (Figure 5, D) and flip the
membrane over the cap to cover it.
Slide the o-ring stretcher up and slide the o-rings off of the bottom of the stretcher
onto the metal top cap. Then flip the membrane down over the o-rings onto the sample
column. Remove the o-ring stretcher by slotting it through the top lines.
Ensure that the top cap’s lines are tight before placing on the acrylic cylinder and
sealing the cell with the bolts.

Figure 5: Pictures of the sample column at four stages of assembly. A: The sample is
sandwiched between filter paper and porous stones. B: A stretched membrane is placed over
the column and the vacuum is released. C: The membrane has been rolled onto the base
pedestal and the stretcher removed. D: O-rings have been placed on the base pedestal, the
stretcher was loaded with two more o-rings and put over the column, the top membrane
flipped onto the sample, and the top cap placed onto the porous stone.
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Assembling the column in the split membrane stretcher

The split membrane stretcher should be used to measure sands or material that cannot be
compacted into a coherent column.
1. Unscrew the clear plastic lines from the metal top cap.
2. Apply a small amount (1/2 a pea) of vacuum grease to sides of the metal base, top
cap, and the 4 small o-rings with gloves
3. Stretch the membrane over both sides of the split membrane stretcher so that at least
an inch and a half of the membrane is on the top (thinner) side.
4. Open valve E2 and the cell’s base valve until there is a bubble of water on the entirety
of the raised base. Close both valves.
5. Slide a soaked stone onto the base keeping contact with the bubble of water. Dip one
piece of filter paper into the water that soaked the stones and slide it onto the porous
stone to cover the surface. Press out any air bubbles.
6. Hook up the membrane stretcher to the port associated with the O2 valve using 14
inch lines. Plug in the vacuum pump and turn O2 to vacuum. Place the membrane
stretcher over the base pedestal, stone, and filter paper. Then push air bubbles out
towards the vacuum holes.
7. Using a spoon, scoop small amounts of moist sample into the membrane. For every
inch or two of new material, use a dowel to compact the sample flat. Once almost full,
alternate small scoops and compacting to get the top surface as flat as possible.
8. Use a paint brush to clean off the exposed portion of the top of the membrane, the
membrane stretcher, and the silver colored base platform. Take care to avoid getting
sample in the cell port at the rear of the black cell base (Figure 4, B) or the threaded
holes for the cell rods.
9. Place a wet piece of filter paper, the porous stone, and the top cap on the sample, flip
up the membrane.
10. Unscrew the hose clamp on the split mold and lift the clamp off the top of the mold.
Undo the mold carefully.
11. Grease 4 o-rings, slip two on the stretcher and place them on the base pedestal over
the membrane. Slip another two on the stretcher and place on the top cap. Flip the
top of the membrane down and around the o-rings. Take the two top plastic lines and
screw them into the top cap ensuring that the small o-ring is around the line. This
should be done without putting too much lateral pressure on any part of the sample
column to avoid shearing the sample or pressing particles around the porous stones.
12. Now clean the rest of the cell of material. Take care to clean the o-ring groove for the
acrylic wall (Figure 4, A). If necessary, remove the o-ring from the groove and run a
paper towel around the groove to clean it. Then clean the o-ring, put a small amount
of vacuum grease on the o-ring with gloves, and re-seat the o-ring back into the groove.

4

Preparing the Cell

This steps in this section should be performed after the sample column has been assembled
and isolated within a flexible membrane. Once the sample is isolated, the acrylic cell wall
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can be slotted into the groove on the black cell base (Figure 4, A) and the black cell lid
with o-ring can be seated onto the cell wall. The lid is then tightened with three rods before
moving onto the following subsections.

4.1

Filling and pressurizing the cell

In these steps, the cell is filled and pressurized with water to apply a confining pressure to
the wall of the sample.
1. Double check that the cell rods are tightened and only the Cell valve on the cell is
open.
2. Plug a quick connect into the top of the cell to allow air to vent from the cell.
3. With valves E1 and V1 set to off, turn valve F1 to fill to allow water to flow into the
cell. Once the cell is full, water will begin to flow from the length of tubing above the
cell. At this point, turn F1 back to off, close the middle Cell valve, and remove the
venting tubing from the quick connect on top of the cell.
4. Now that the cell is full, ensure that the cell burette assembly is 34 s full of deaired
water.
5. Turn valve A1 to pressure, lift the toggle switch T1, and turn on the digital pressure
gauge at the very top left of the control panel to start reading the pressure inside the
cell burette assembly.
6. Turn pressure regulator R1 until the digital pressure gauge reads between 2 and 5 psi.
Spinning the gauge clockwise increases pressure.
7. Turn valve E1 to external and open the Cell valve on the cell to pressurize the cell’s
outer chamber.
8. Toggle switch T1 can now be flipped down to stop reading the pressure in the cell
burette assembly.

4.2

Flushing water lines after assembly

Sometimes the assembly of the sample column can introduce air into the lines which should
be flushed before proceeding.
1. Place a beaker underneath the right outflow ports on the cell labeled top and base.
• Note: During the preparation of this guide, our beaker was placed in an open
drawer and the outflow was placed near the edge of the counter to drip into the
beaker.
2. To flush the base lines, open valve E2 and the two base valves on the cell. Once air
stops bubbling out of the base outflow, close all three valves.
3. To flush the top lines, open valve E3 and the two top valves on the cell. Once air stops
bubbling out of the top outflow and the clear lines in the cell are flushed, close all three
valves.

4.3

Pre-saturate the sample

If the sample was air dry or sat out for more than a few minutes after being released from
the mold, it can help to per-saturate the sample with a low pressure and time before back16
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pressure saturating.
1. If low pressure is desired: set A2 to pressure, flip T2 up to read the base pressure, turn
the bias valve on, and adjust R2 to a pressure below 3 psi.
• Note: The bias valve keeps the differential pressure between the base and cell
burette sections constant. This keeps the sample column and latex membrane
under a constant confining pressure and prevents the membrane from expanding
with inflow water.
2. Otherwise, set A2 to vent and fill the external burette to 34 s full.
3. Open valve E2 and the base inflow port on the cell.
4. Make sure that the top outflow line from the cell can drain to a beaker and open the
top outflow valve.
5. Water should now be slowly flowing into the sample. This will either push air through
the saturated porous stone and out of the outflow line or move and pressurize air
towards the top of the sample column.
6. If air no longer is moving through the outflow lines, close the base inflow valve on the
cell and reflush the top lines as described in the previous subsection. Then let water
flow from the base inflow port again and repeat the process.

4.4

Back pressure saturate the sample

Back pressurizing the sample is a process in which the sample is subjected to high enough
pressures via water from the top and base to cause any air trapped in the sample to dissolve into the water. Saturation is measured approximately with a Skempton’s B-check by
measuring the change in the cell pressure and the change in the pore pressure within the
sample before and after raising back pressure. Pore pressure is approximated with a pressure
transducer in the base inflow line. Once the B value plateaus or is measured to be above
0.95, the newly aerated water is then flushed through the sample and replaced with fresh
deaired water. Only samples that are expected to have low hydraulic conductivities require
back pressuring to compensate for air that may be trapped within fine particles.
1. If needed, fill both burettes and the external reservoirs to the 0ml mark.
2. Turn A2 to pressure and turn the Bias valve on. Toggle T2 on and return the pressure
in the base burette assembly to 0 psi if needed by turning R2 counter-clockwise. Then
turn V2 to burette.
3. Turn A3 to off, turn the Bridge valve on, and turn V3 to burette.
4. Open the left top and base valves on the cell.
5. Turn the data logger on to be able to view the pressure in the pore pressure transducer.
6. Adjust R2 with T2 toggled on so the value on the readout increases by 5 psi.
7. Toggle T2 off and T1 on to check the cell pressure. Note the cell pressure as µ1 .
8. Read the pore pressure transducer from the data logger and note the value as σ1 . Take
an average of a minute’s worth of data.
9. Toggle T1 off, T2 on, and adjust R2 to increase the readout another 5 psi.
10. Toggle T2 off and T1 on to check the cell pressure. Note this cell pressure as µ2 .
11. Read the pre pressure transducer from the data logger and note the value as σ2 . Take
an average of a minute’s worth of data.
12. Calculate B using Equation 1. Fully saturated and pliable clay soils should give a B
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value of 1.0 with fully saturated values for coarser soils dropping as low as 0.9.
13. To verify if the sample’s saturation can increase, repeat steps 7 through 12 and see if
the B value increases. If it does, repeat the steps until the value plateaus or reaches
over 0.95.
14. Once back pressure saturation is complete, follow the below steps to flush the newly
aerated water.
(a) Close the left base and top valves on the cell.
(b) Turn V2 and V3 to off and turn E2 and E3 on.
(c) Open the left base and top valves on the cell.
(d) Either hold a large beaker directly up to the right base and top outflow ports on
the cell or run a section of 18 inch tubing from each port into a large Erlenmeyer
flask and hold the lines.
(e) Now flush the water from the sample by slowly opening the right base and top
outflow ports on the cell until desired flow is reached. Try to avoid a pressure in
the lines that could cause a mess.
(f) Watch the external reservoirs in the base and top assemblies carefully and close
the right base and top outflow valves on the cell once the water level in the external
reservoirs passes the lower gradation on the burettes.
15. Once water is flushed, follow the below steps to return the sample to the initial state.
(a) With the bias, bridge, E2, E3, and T2 valves all on and the left base and top
valves on the cell open, slowly lower the pressure in the system with R2 until the
readout reaches zero.
(b) Close E2, E3, and the left base and top valves on the cell.
(c) Turn the bridge valve off and the A3 valve to vent.
B=

5

µ2 − µ1
σ2 − σ1

(1)

Information for All Test Types

This section includes a few of the first steps that will be performed in each of the three types
of permeability tests included in this guide and supplemental information used in all tests.

5.1

Checking valve and port openings

Before raising the pressure and letting water flow to the sample, check that the valves and
ports on the control panel and cell are set up following the steps below. If a valve is not
mentioned, it is set to off.
1. Water lines run from the C1, C2, and C3 quick connects to the matching ports on the
cell.
2. Of the inflow and outflow valves on the cell, the middle cell valve is set to open to
maintain the cell’s confining pressure and the left base valve is set to open to maintain
the pressure within the sample column and prevent consolidation.
3. In the deaired tank section of the control panel, D1 is set to pressure.
4. In the cell section of the control panel, A1 is set to pressure and E1 is set to external.
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5. In the base section of the control panel, A2 is set to pressure, the bias valve is set to
bias on, T2 is flipped up to monitor the pressure in the burette assembly, and E2 is
set to external.
6. In the top section of the control panel, A3 is set to vent.

5.2

Raising inflow pressure

Inflow pressure refers to air pressure within the base burette assembly that contribute to the
total head of water being pushed through the sample column. In addition to the practical
limits of inflow pressure like the pressure rating of the tubing and control panel, there are
scientific limits that should be followed based on the hydraulic gradient within the sample.
Exceeding the maximum hydraulic gradient may cause the sample to change during the
test which decreases the accuracy of the hydraulic conductivity measurement. Excessive
hydraulic gradients may cause the sample’s hydraulic conductivity to decrease from consolidation or fine particles moving through the sample and constricting fluid flow. Additionally,
high gradients in high hydaulic conductivity samples like sands can push water through the
sample so quickly that the water level in the burette reservoir changes so rapidly that measuring it accurately is difficult. The hydraulic gradient (i) can be calculated with Equation
2 where ∆h is the total head loss across the sample and L is the sample length.
i = ∆h/L

(2)

Table 1: A table excerpted from ASTM Standard Test Method D5084 describing the ASTM
recommended maximum hydraulic gradients for given hydraulic conductivity ranges.
Hydraulic Conductivity, m/s Recommended Maximum Hydraulic Gradient
1 × 10−5 to 1 × 10−6
2
−6
−7
5
1 × 10 to 1 × 10
−7
−8
10
1 × 10 to 1 × 10
1 × 10−8 to 1 × 10−9
20
−9
Less than 1 × 10
30
ASTM Standard Test Method D5084 contains recommended maximum hydraulic gradients
for samples at given hydraulic conductivities, included here as Table 1. For the purposes
of hydraulic conductivity determination, an estimated hydraulic conductivity value from
soil texture is appropriate. ASTM D5084 also includes the following note regarding the
acceptable use of higher hydraulic gradients.
9.5.1.1 A higher gradient than given above may be used if the higher gradient can
be shown not to change the hydraulic conductivity. For example, on a representative specimen, perform a hydraulic conductivity determination at i = 30 than
at i = 50 or 100, or more. Determine which, if any, of the hydraulic conductivities (K) determined at these gradients are similar (that is, within the acceptable
steady-state range given for the method). Any gradient equal to or less than
the highest gradient yielding a similar hydraulic conductivity may be used for
testing.
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Once an appropriate total head has been determined for the test, the inflow pressure can be
raised in the base burette assembly with the following steps to.
1. Fill the base external reservoir to 43 s full. Then fill the base burette reservoir to a point
above the 0ml gradation without overflowing the burette. If performing a falling-head,
rising-tail test, deplete the top burette reservoir to the bottom gradation (10ml).
2. Measure the elevation head loss in meters from the 0ml gradation in the base burette
reservoir to the outflow point. If performing a falling-head, rising-tail test, this outflow
point is the water level in the top burette reservoir.
3. Subtract this elevation head loss from the determined appropriate total head loss to
find the head required from inflow air pressure. Convert from meters of water to pounds
per square inch. This is your target pressure.
4. Refer to the pressure readout while T2 is flipped up and compare the current base
pressure to the target air pressure.
5. Adjust R2 in small increments to the target pressure.

5.3

Resetting water levels in the burettes under pressure

After any individual test trial is performed, the water level in the burette assemblies will
need to be reset to initial levels without altering the pressure within the sample column.
Refer to this section between trials.
Follow the below steps to refill the base burette.
1. Close the left base valve on the cell.
2. If the pressure display with T2 toggled on reads a number higher than 3 psi, make sure
that the bridge valve is set to off and turn A2 to vent.
3. With V2 set to burette, slowly turn F2 to fill to fill the burette.
4. Turn F2 back to off when the water level reaches the desired point.
5. Return A2 to pressure and turn the bridge valve on if necessary.
Follow the below steps to re-drain the top burette for the falling-head, rising-tail test.
1. Close the left top valve on the cell.
2. With V3 set to burette, slowly turn F3 to drain to drain the burette.
3. Turn F3 back to off when the water level reaches the desired point.

5.4

Equation definitions

Each of the test methods defined in ASTM D5084 use a different equation that is defined in
each of their corresponding sections. The variable definitions from ASTM D5084 for those
equations are given below.
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= hydraulic conductivity (m/s)
= cross-sectional area of the water reservoir (m2 ),
= 2.63 × 10−5 m2 for the base and top burettes
= cross-sectional area of the sample column (m2 )
= length of sample column (m)
= interval of time over which flow occurs (s)
= head loss across the sample at start of trial (m of water)
= head loss across the sample at end of trial (m of water)
= quantity of flow for given time interval ∆t (m3 )
2
(m of water)
= average head loss across the sample, ∆h1 +∆h
2

Permeability Tests
Falling-head permeability test

In the falling-head permeability test, deaired water will flow from the graduated base burette
in section 2 of the control panel, upwards through the sample column, and out of the top
outflow port on the cell. The outflow does not need to be measured for volume, so a beaker
can be used as a collection vessel below the top outflow port. The gradations on the burette
act as a reference point so that the elevation head drop over the test time can be measured
with a tape measure.
Falling-head tests can be conducted two ways: (1) measuring the period of time it takes
for the head to drop to a predetermined level or (2) measuring the head drop over a predetermined period of time. Generally speaking, the first method is better suited to samples
with higher hydraulic conductivities, and the second method is better suited to samples
with lower hydraulic conductivities or situations where a certain number of tests have to
performed within a limited amount of time. The steps below outline the falling-head test
for both cases.
1. On the cell, close the left base inflow valve and open the right top outflow valve. On
the control panel, set V2 to burette and ensure that the water level in the base burette
is above the 0ml gradation.
2. With the pressure in the base burette set to the appropriate level and a beaker catching
the outflow from the right top outflow port, open the left base inflow port on the cell.
3. Start the stopwatch as the meniscus in the base burette reaches the 0ml gradation.
4. Once either the target time has elapsed or the water level in the burette passes the
target head drop, stop the stopwatch and close the base inflow port.
5. Take note of the final water level location and the time elapsed (∆t).
6. Measure the vertical distance in meters from the final water level location to the outflow
port. Add that number to the pressure head in meters to find ∆h2 , the total head loss
at the end of the trial.
7. Refill the base burette and repeat steps 1-6 four times. Calculate K for each trial using
Equation 3 below. Keep in mind that ∆h1 is the total head loss across the sample at
the beginning of the trial, or the vertical distance in meters from the initial water level
to the outflow port plus the pressure head in meters.
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K=

6.2

a·L
∆h1
ln
A · ∆t ∆h2

(3)

Falling-head, rising-tail permeability test

In the falling-head, rising-tail permeability test, deaired water will flow from the graduated
base burette in section 2 of the control panel, upwards through the sample column, and
into the graduated top burette in section 3 of the control panel. The gradations on both
burettes act as reference points so that the elevation head differential over the test time can
be measured with a tape measure. There is no direct outflow during this test, as effluent
water is directed back into the control panel. Falling-head, rising-tail tests are the cleanest
test to perform because there is no outflow, but measuring two burettes at once can become
difficult for one person if the sample has a high hydraulic conductivity and the outflow
reservoir is vented to the atmosphere. However, the pressure head in the outflow reservoir
can be controlled which allows advanced users to set low hydraulic gradients and mitigate this
problem. For these reasons, falling-head, rising-tail tests are not recommended for either solo
users or those unfamiliar with the permeability cell setup. The steps to perform falling-head,
rising-tail tests are below.
1. On the cell, close the left base inflow valve and open the left top outflow valve. The
right base and top valves should be closed. On the control panel, set V2 and V3 to
burette. Ensure that the water level in the base burette is above the 0ml gradation
and that the level in the top burette is at the 10ml gradation.
• Note: Always close the corresponding valve on the cell and turn the corresponding
A valve to vent when draining or filling the burette assemblies.
2. With the pressure in the base burette set to the appropriate level and A3 set to vent,
open the left base inflow valve on the cell and watch as the water flows out of the base
burette and into the top burette.
3. Once the meniscus in the base burette reaches the 0ml gradation, start the stopwatch
and record where the meniscus of water in the top burette is. The difference in elevation
between these two points plus the pressure head in the base burette converted to meters
is ∆h1 .
4. Stop the stopwatch (∆t)either after a certain amount of time or when the meniscus in
the base burette passes a predetermined mark. Record the final positions of water in
the base and top burettes. The elevation difference between the two is then added to
the pressure head in the base burette converted to meters to find ∆h2 .
• Note: Either method is fine, but try to avoid the water level in the base burette
going below the level in the top burette for ease of math and preventing negative
numbers from being needed. If the water level is changing too quickly to avoid
this, remember that the final elevation head will be negative and subtract from
the pressure head when converted to meters.
5. Refill the base burette, drain the top burette, and repeat steps 1-4 four times. Calculate
K for each trial using Equation 4 below.
∆h1
a2 · L
ln
K=
2a · A · ∆t ∆h2
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Constant-head permeability test

In the constant-head permeability test, deaired water will flow from the external burette
reservoir in section 2 of the control panel, upwards through the sample column, and out of
the top outflow port on the cell. Although the burette reservoir is not used in this test, the
gradations on it act as a reference to determine the elevation head drop over the test time.
According to the ASTM standard D5084, a head drop less than 5% of the total starting
head can be used in lieu of a constant-head reservoir. Because total head includes both the
elevation head differential and the pressure head differential, a change in elevation head of a
few centimeters will be well within 5% of the total head given the pressures the control panel
can subject the sample to. The outflow does need to be measured for volume, so a 10ml
or 25ml graduated cylinder should be used for the tests in addition to a beaker to collect
outflow between tests.
1. On the cell, close the left base inflow valve and open the right top outflow valve. On
the control panel set V2 to external and ensure that the water level in the base burette
is above the 0ml gradation.
2. With the pressure in the base burette set to the appropriate level and a 10 or 25ml
graduated cylinder ready to catch the outflow from the right top outflow port, open
the left base inflow port on the cell.
3. Start the stopwatch and begin collecting effluent in the graduated cylinder once the
water level in the base external assembly gets to the 0ml gradation.
4. Stop the stopwatch (∆t)and close the left base inflow port on the cell once the graduated cylinder passes the 10 or 25ml mark(∆Q).
5. Take note of the final location of the water level in the base external assembly and
measure the elevation head from both the start and end points.
6. Repeat steps 1-5 four times and calculate K for each trial using Equation 5 below.
Keep in mind that ∆h is the average total head loss across the sample, so average the
start and end elevation heads for each trial and then add them to the pressure head
converted to meters.
K=

7

∆Q · L
A · ∆h · ∆t

(5)

Post-test Cleaning

The following subsections should be performed once all desired tests have been performed
on a sample column.

7.1

Depressurize and drain the cell

1. To release pressure within the sample column, open the cell’s connected base and top
valves, the panel’s E2 and E3 valves, and gradually lower the pressure (if needed) on
regulators R2 and R3. Then switch valves A2 and A3 to vent.
2. With valve E1 open, turn valve A1 to vent to release cell pressure.
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3. Plug in the same quick connect and tubing used to vent the cell in the filling step to
the top of the cell.
4. Turn F1 to drain. Membrane expansion (like a balloon) indicates that either the cell’s
top quick connect is not venting the cell or that the sample is still under pressure.
5. If the cell is draining too slowly for the available amount of time, the cell line can be
disconnected from quick connect C1 and be manually opened at ground level into a
beaker by pushing in the white plastic tip with a clean finger or the side of the beaker.

7.2

Deconstruct sample column

Once the cell is drained and the acrylic cylinder is removed, follow the steps below.
1. Flip the top of the membrane up to expose the two top o-rings. Push the o-rings up
and over the top cap towards the top lines.
2. Peel the membrane back down over the sample and remove the top cap and porous
stone. Gently rinse the porous stone and place it either back in a container of deaired
water if another test will be run shortly or out to dry if not. Recover the top of the
sample with the membrane to prevent spilling.
3. Push the two bottom o-rings upward until they either rest on the porous stone or just
above it. Grab and lift one side of the membrane on the base to release the vacuum
and slide the sample off the base.
4. Remove the porous stone from the bottom of the sample. Discard the remaining sample
and used membrane.

8
8.1

Routine Maintenance
Filling or changing tap water reservoirs

The two tap water reservoirs on the shelf above the permeability cells can be filled with any
source of tap water on campus. The line connecting the active reservoir to the control panel
can be changed by gently pulling the white plastic barbed fitting and line from the blue
reservoir nozzle and sliding the white plastic piece into the blue nozzle on the full reservoir.
Always make sure to close the valve on the reservoir before adjusting the barbed fitting.

8.2

Cleaning the deairing tank

The deairing tank is often left slightly or totally filled with stagnant tap water for days at a
time which can lead to the buildup of organic material or mold growth. The tank should be
cleaned when there is visible, free-floating material of unknown origin. In the preliminary
testing of the permeability cell equipment, growth was noticed within one or two months
of moderate to infrequent use. Cleaning the tank is an easy operation detailed below. If
growth is seen more frequently than described above, a mild bleach solution can be used to
clean the components. An anti-fungal liquid could also be added to the water reservoir, but
keep in mind that this could slightly change the behavior of the water.
1. Turn D2 to drain until the water level in the tank is about the level of the top acrylic
disk.
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2. Disconnect the power cord from the tank.
3. Gently lift the tank and place it in a plastic or fiberglass bin.
4. Disconnect the two water lines from the tank and let the rest of the water drain into
the bin.
5. Loosen and set aside the four nuts and washers on the tank lid before setting the lid
and embedded o-ring aside.
6. Lift off the acrylic cylindrical wall and wipe away any visible particles or growths with
a moist paper towel. Set aside to dry.
7. Unscrew the bolt holding the acrylic disks in place. Note the order in which the disks
and metal posts are assembled before wiping them with a moist paper towel and setting
aside to dry. Lift the magnetic stirring fan out of the base.
8. Wipe the black metal base until mostly dry then use a small spatula to lift the o-ring
from the groove in the base. Wipe down the o-ring groove until clean. Bunch some
paper towel and clean the inflow and outflow holes in the base.
9. Clean the two o-rings by pinching paper towel around one side of the o-ring and pulling
it through the paper towel.
10. Reassemble the acrylic disks and stirring fan and screw the bolt tight.
11. With gloved hands, apply a small amount of grease to both o-rings and re-seat them
in the base and lid. Run a finger and apply light pressure along the o-ring in the lid
to mitigate the o-ring falling out during reassembly. Remove the gloves.
12. Place the acrylic wall back in the groove after inspecting the interior wall for remaining
particles. Lift the lid and seat it onto the acrylic wall. Tighten the nuts onto the four
metal rods.
13. Lift the tank out of the bin and set it back on the counter before reconnecting the
water lines and power cord.

8.3

Checking and filling air compressor oil

The air compressor below the control panel has two air intake pumps on top of the tank, each
with their own oil reservoir and indicator bubble. The oil should be checked each use. If the
oil level in either indicator bubble is below the halfway point, unscrew the corresponding oil
cap on top of the unit and slowly fill with compressor oil until the halfway point is reached.
Please note that there is a delay between the oil entering the unit and the bubble being
filled, so fill the oil a little at a time and wait to see if the amount added was sufficient.

8.4

Draining air compressor condensation

The main air tank on the air compressor below the control panel will slowly fill with condensation over time and should be drained monthly. The condensation fills the tank and
lowers the total air storage which causes the compressor to cycle more frequently to maintain pressure, stressing the other components of the compressor at a higher rate. The unit
is equipped with two drain ports, one on the top of the unit and one on the bottom of the
unit. Before opening the drain port, turn off the compressor and bleed all air pressure from
the tank. Then open the valve and collect the wastewater. Once the draining is complete,
close the port and compressor can be turned back on.
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If you have any questions, please contact a department technician.
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